Background: EAAT2 glutamate transporter was suggested to modulate ␤-cell function. Results: Conditional deletion of EAAT2 in pancreas was without consequences. Proteome analysis showed an abundance of neutral amino acid transporters and glutamate-metabolizing enzymes. No glutamate transporters were detected. Conclusion: EAAT2 plays its main role in the brain. Islet glutamate is predominantly intracellularly produced. Significance: Our work provides an overview of pancreas proteome, and conditional EAAT2 knock-out mice were generated.
summarized in Table 1 , there is a great deal of uncertainty. Some investigators have reported expression in the plasma membranes but have arrived at different conclusions with respect to cell types and functional roles (10, (22) (23) (24) (25) . Another study (26) proposed a radically new model in which EAAT2 colocalizes with the VGLUT3 in the membranes of insulincontaining secretory granules. VGLUT3 is suggested to transport glutamate into granules, and EAAT2 is suggested to carry glutamate out again. The net result of this proposed glutamate cycling is modulation of the pH and membrane potential of the granules. If this model is correct, it would have important implications not only from an endocrine point of view but also from a transporter biochemistry and cell biology point of view.
The primary aim of the present investigation was to resolve these questions and thereby determine the physiological roles of EAAT2 in islets. To do this, we created conditional knockout mice by floxing the EAAT2 gene, allowing selective deletion of EAAT2 in pancreas. This was necessary because EAAT2 is believed to be essential for brain function (19) , and its absence from all cells results in epilepsy, hyperactivity, and death (27) before ␤-cells have acquired robust glucose responsiveness (28, 29) . Unexpectedly, we did not confirm any role of EAAT2 in islets, and to ensure that this was not a false negative, we performed a full proteome analysis. This uncovered a pattern suggesting insignificant glutamate uptake in islets cells and net islet cell production of both glutamate and glutamine.
EXPERIMENTAL PROCEDURES
Materials-N,NЈ-Methylene bisacrylamide, acrylamide, ammonium persulfate, TEMED, and alkaline phosphatase substrates (nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate) were from Promega (Madison, WI). Sodium dodecyl sulfate (SDS) of high purity (Ͼ99% C 12 alkyl sulfate), bis(sulfosuccinimidyl)suberate, SuperSignal West Dura were from Pierce. Electrophoresis equipment was from Hoefer Scientific Instruments (San Francisco, CA). Molecular mass markers for SDSpolyacrylamide gel electrophoresis (SDS-PAGE), biotinylated anti-rabbit immunoglobulins, and nitrocellulose sheets (0.22-m pores, 100% nitrocellulose) were from Amersham Biosciences. Paraformaldehyde and glutaraldehyde were from TAAB (Reading, UK). All other reagents were obtained from Sigma-Aldrich. Antibodies against glutamate transporters were from the same batches as described previously (Table  2) . When not stated, the antibodies are directed to sequences from rat EAAT1 (30) and rat EAAT2 (31) .
Animals-All animal experimentation was carried out in accordance with the European Communities Council Directive of November 24, 1986 (86/609/EEC) and the "Principles of Laboratory Animal Care" (National Institutes of Health publication number 85-23; revised, 1985) . Formal approval to conduct the experiments described was obtained from the animal subjects review board of the Norwegian Governmental Institute of Public Health (Oslo, Norway). Care was taken to minimize the 
Reports describing the localization of EAAT2 in pancreas
All six studies agree that there is some EAAT2 in the pancreas, but the conclusions concerning localizations, expression levels, and functions are quite different. With the exception of one study (26) , they all suggest that EAAT2 is in the plasma membranes.
Localization
Species Suggested function Ref.
Labeling of N-glycoproteins at the cell surface resulted in detection of EAAT2 and EAAT3 in MIN6 cells but not in human islets.
Mouse MIN6 cells; man EAAT2 is not discussed in the report but is listed in the supplemental data.
25
Both ␣-cells and ␤-cells in young mice were found to express low levels of EAAT2. EAAT2-positive cells were also found in the exocrine pancreas, the periductal areas in particular. EAAT2b was the predominant isoform. Higher labeling intensities were noted in adult mice, but the authors cautiously pointed out that the labeling could not be validated against knock-out mice.
Mouse EAAT2 is important for providing glutamate for glutamine synthesis in the islets. The hypothesis predicts that the EAATs are in the plasma membrane.
10
EAAT2 was selectively expressed in ␤-cells and was not detected in the plasma membrane. EAAT1, EAAT3, and VGLUT1 were not detected in islets. VGLUT2 was detected in ␣-cells. VGLUT3 was detected in both ␣-cells and ␤-cells. EAAT2 and VGLUT3 colocalized in secretory granules.
Immunocytochemistry data suggested that there were several transporter complexes of each type in each granule (more than one gold particle per granule). There was also labeling in the granule core.
Rat; mouse (C57/B6) VGLUT3 is suggested to transport glutamate into granules, and EAAT2 is suggested to carry glutamate out again. The net result of this proposed glutamate cycling is modulation of the pH and membrane potential of the granules. Thus, the hypothesis requires the presence of both EAAT2 and VGLUT3 in the same granule.
26
EAAT2a is the only glutamate transporter in islets. EAAT2 is selectively expressed in ␤-cells and is targeted to the plasma membranes.
Mouse; man; Cercopithecus monkeys EAAT2 controls the concentration of glutamate in the extracellular fluid in islets and protects ␤-cells against high plasma glutamate levels.
23
Isolated rat ␣-cells and ␤-cells express mRNA for EAAT1, EAAT2, and EAAT3. The mRNA levels of EAAT1, EAAT2, and EAAT3 in ␤-cells were about 0.6, 0.4, and 0.5% of the levels in brain, respectively. The corresponding levels in ␣-cells are 1.5, 0.4, and 5%, respectively. The data were normalized using cyclophilin.
Rat
The roles of the glutamate transporters are to release glutamate to modulate glucagon secretion from ␣-cells. The hypothesis predicts that the EAATs are in the plasma membrane and operate in reverse mode.
24
EAAT1, EAAT2, VGLUT1, and xCT (Slc7a11) were all detected in islet cells. The ducts also expressed xCT. EAAT3 was only found in acinar cells.
Rats
Glutamate is secreted into the pancreatic juice, but there is no specific hypothesis for roles of the transporters in islet cells.
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number of animals used and to avoid suffering. Mice were housed and bred exactly as described previously (32) . Conventional EAAT2 knock-out mice were originally generated by K. Tanaka (27) by disrupting the part of the gene encoding the third transmembrane region of the EAAT2 (GLT1) protein.
Knock-out (Ϫ/Ϫ) and wild-type (ϩ/ϩ) mice were produced by breeding heterozygote (ϩ/Ϫ) mice, which had been backcrossed six to nine times with C57Black/6J mice.
Floxing of the EAAT2 Gene to Obtain Conditional Knock-out Mice-The targeting vector was constructed using the recombineering technique described previously (33) . A 9,987-bp genomic DNA fragment (position Chromosome 2:102,584,270 -102,594,257) containing exons 2-4 of the Slc1a2 gene was retrieved from bacterial artificial chromosome clone RP24-315H4. A loxP site was inserted into intron 2, replacing an EcoRV site. An frt-neo-frt-loxP cassette was inserted into intron 4, and an EcoRV site in intron 4 was deleted. Thus, a fragment of 4,074-bp genomic DNA containing exons 3 and 4 was floxed, and cyclization recombinase (Cre) excision will result in a frameshift deletion (Fig. 1A) . The targeting vector was electroporated into D1 ES cells, which were derived from an F1 hybrid blastocyst of 129S6 ϫ C57BL/6J by the Gene Targeting and Transgenic Facility at the University of Connecticut Health Center. The G418-resistant ES clones were screened by nested PCR using primers outside the construct paired with primers inside the neomycin cassette. The chimeric mice were generated by aggregating targeted ES cells with eight-cell embryos of CD-1 strain. The neomycin cassette was removed by breeding germ line chimeras with ROSA26FLP1 (stock number 003946, The Jackson Laboratory, Bar Harbor, ME) homozygous females. The ensuing mice with loxP sites in the EAAT2 gene are hereafter referred to as "EAAT2-flox" mice.
Production of Conditional Knock-out Mice-To quickly verify the construction, we crossed the EAAT2-flox mice with a general deleter line (Hprt1-Cre; Ref. 34 ) directing Cre-mediated EAAT2 deletion in all cells. The offspring were crossed with each other to obtain mice homozygous for the deletion. Brains from 2-week-old mice were tested for content of EAAT2 protein by immunoblotting. No EAAT2 protein was detected, confirming that the EAAT2-flox construction worked as intended (data not shown). The EAAT2-flox mice were subsequently backcrossed eight generations to C57BL/6J. Then the EAAT2-flox mice were crossed with Nestin11-Cre mice (Ref. 35 ; catalog number 003771, The Jackson Laboratory). These mice display Cre-directed deletion in most cells of the central nervous system as well as in the peripheral nervous system, in the kidney, and in the scattered acinar cells in the exocrine pancreas, leaving the liver and endocrine islet cells unaffected (35) (36) (37) . As shown ( Fig. 1B) , the lengths of the PCR products from brain DNA were as they should be according to the design (Fig. 1A) , and immunocytochemistry ( Fig. 1C ) showed that only a few scattered cells in the brain still expressed EAAT2. The EAAT2 levels were estimated to be reduced to about 1% ( Fig.  1D ). These mice are hereafter referred to as "EAAT2-flox ϫ Nestin11-Cre."
In parallel, EAAT2-flox mice were crossed with transgenic mice expressing Cre either from the rat insulin promoter (RIP-Cre; Ref. 38 ; catalog number 003573, The Jackson Laboratory) or from the homeodomain factor IPF1/PDX1 (IPF1-Cre mice from H. Edlund, Umea, Sweden; Ref. 39 ) to delete EAAT2 selectively in pancreas. These mice are referred to below as "EAAT2flox ϫ RIP-Cre" and "EAAT2-flox ϫ IPF1-Cre," respectively.
Genotyping-Biopsies from ear or tail were Proteinase K-digested and subjected to PCR. The primers used to detect the EAAT2-flox genotype are 5Ј-CCAGCCATACTTGTGAAGAC-3Ј and 5Ј-CCTCCAAGATGACTTGGAAC-3Ј. The expected PCR products are 279 bp for the wild-type allele and 365 bp for the floxed allele (see Fig. 1B , line 2). The primers used to detect the knock-out allele after Cre excision are 5Ј-CCAGCCATACTT-GTGAAGAC-3Ј and 5Ј-GTGACAATCTTACCTGGCTC-3Ј. The expected product is 367 bp for the knock-out allele (see Fig.  1B , fKO).
Measurement of Blood Glucose Levels-The mice (5-7 weeks) were fasted with water ad libitum for 12 h prior to blood sampling. Blood glucose was measured using Glucostrip (Roche Diagnostics GmbH) attached to a glucometer (Accuchek Aviva Nano, Roche Diagnostics GmbH).
RNA Isolation, cDNA Synthesis, and TaqMan Assays-Pieces of tissues (5-15 mg) were collected from various organs as stated and immediately protected in RNAlater (Ambion) before homogenization and RNA extraction using RNeasy (Qiagen). The RNA concentration was quantified by using NanoDrop UV spectrometry (NanoDrop Technologies, Wilmington, DE). Two micrograms of RNA were converted into cDNA by using the High Capacity cDNA Archive kit (Applied Biosystems, Carlsbad, CA). Levels of mRNA were measured using TaqMan probes on a 7900HT Fast Real-Time PCR system (Applied Biosystems). The probes used to detect EAAT2, VGLUT3, glucagon (Gcg), GAPDH, and 18 S ribosomal RNA (as controls) were Mm00441457_m1, Mm00805413_m1, Mm01269055_m1, Mm03302249_g1, and Mm03928990_g1, respectively. The data from the 18 S ribosomal RNA probe were used to normalize data from brain samples with liver and pancreas samples, whereas brain and kidney samples were compared using GAPDH. The reason for this is that GAPDH levels are very similar in brain and kidney, and 18 S ribosomal RNA levels are very similar between brain, liver, and whole pancreas.
In Situ Hybridization-Tissue from Sprague-Dawley rats (200 -250 g) and C57Bl/6 mice was prepared and sectioned exactly as described before (40) . Non-isotopic in situ hybridization was performed using digoxigenin-labeled cRNA probes against rat GLT1 and alkaline phosphatase detection as described (41) .
Electrophoresis and Immunoblotting-Tissue was homogenized in 10 -20 volumes of ice-cold water. In the case of brain samples, addition of 5 mM EDTA and 1 mM phenylmethanesulfonyl fluoride was sufficient to prevent proteolysis, but in the case of pancreas samples, more inhibitors were added (5 mM EDTA, 1 mM phenylmethanesulfonyl fluoride, 1 mM 4-(2-aminoethyl)benzenesulfonyl fluoride, 0.8 M aprotinin, 40 M bestatin, 14 M N-(trans-epoxysuccinyl)-L-leucine 4-guanidinobutylamide, 20 M leupeptin, and 15 M pepstatin A). The homogenate was centrifuged (39,000 ϫ g, 20 min, 4°C). The supernatants from this centrifugation contained the "watersoluble proteins." The pellets, containing the water-insoluble proteins (including membrane proteins), were subsequently solubilized in 1% (w/v) SDS in 10 mM sodium phosphate buffer, pH 7.4 (NaP i ) and protease inhibitors as above; briefly sonicated; and centrifuged (39,000 ϫ g, 20 min, 15°C). The supernatants from this last centrifugation are hereafter referred to as "membrane proteins." The extracts were then subjected to SDS-polyacrylamide gel electrophoresis and immunoblotted as described (42) .
Immunocytochemistry-Mice were perfusion-fixed (43) for 5 min with 4% formaldehyde in NaP i with or without 0.1% glutaraldehyde as stated. The relevant tissues were collected and immersed in the same fixative for 30 -60 min at room temperature when not stated otherwise. The tissue was then submerged in 11% (w/v) gelatin in 0.1 M sodium phosphate buffer, pH 7.4 at 37°C for 1 h with occasional gentle shaking to remove air bubbles. The gelatin was hardened by cooling on ice for 10 min. Excess gelatin was cut off, and the block was fixed (1 h) in the same fixative as used for the initial fixation. Sections (40 m thick) were cut from the fixed unfrozen tissue using a Vibratome 1000 Plus (Vibratome, Bannockburn, UK) or cryoprotected with sucrose and cut using a Cryotome Microm HM450 (Thermo Fisher Scientific Inc.). Sections were processed for immunoperoxidase labeling exactly as before (for details, see Ref. 42) . They were treated with hydrogen peroxide to inactivate endogenous peroxidase, blocked in Tris-buffered saline containing 10% newborn calf serum, and incubated with primary antibodies overnight followed by biotinylated donkey anti-rabbit Ig and streptavidin-biotinylated horseradish peroxidase complex. Triton X-100 was included when not stated otherwise. Immunofluorescent labeling was also done exactly as before (for details, see Ref. 44 ). Briefly, sections were blocked in Tris-buffered saline with Triton X-100, 10% newborn calf serum, and 3% bovine serum albumin followed by incubation with primary antibodies and finally with secondary antibodies (Alexa Fluor goat anti-mouse 488, Molecular Probes, Eugene, OR) diluted 1:1,000. The sections were observed in a Zeiss Axioplan 2 microscope equipped with a Zeiss LSM 5 Pascal confocal scanner head (Zeiss, Jena, Germany). Pinhole size was The neomycin (Neo) cassette was removed in the EAAT2-flox mice generated from chimera ϫ Rosa26FLP crossing. The genotyping primers are indicated by black arrows in the "After FLP excision" and "After Cre excision." After Cre excision, the DNA encoding amino acid residues 53-187 is deleted. This region is essential for transport activity, and there will be no transport activity without it. Furthermore, the deletion causes the remaining sequences to be out of frame. B, PCR of genomic DNA of the brains from homozygote (f/f) or heterozygote (f/w) EAAT2-flox without (CreϪ) or with (Creϩ) Nestin11-Cre. PCR was performed to detect Cre, flox (loxP sites), and the recombination after Cre excision (fKO) as indicated. Note that when Cre is present the fKO allele emerges. Also note that the wild-type allele has lower molecular mass than the floxed allele, explaining why the there are two band in the heterozygous animals. C, peroxidase labeling of parasagittal brain sections from EAAT2-flox (WT) and conditional knock-out (cKO) mice with antibodies to the N terminus (Anti-B12; Ab360; 0.3 g/ml) and the C terminus (Anti-B563; Ab355; 0.1 g/ml) of EAAT2. Anti-A522 antibodies (Ab314; 0.1 g/ml) to the C-terminal part of EAAT1 were used as a positive control. D, immunoblot analysis of the wild-type (WT) and conditional knock-out forebrain membrane fractions with antibodies to EAAT2 (Anti-B12; Ab360; 0.2 g/ml). The WT tissue extracts were diluted in extracts from the conventional knock-out (KO) (27) to keep the total amount of protein constant at 30/per lane. Note that 30 g from cKO gave a signal that was slightly weaker than that obtained after 1:300 dilution of the WT extract with KO extract. around 1 area unit, optimized for each wavelength to ensure confocality. Excitation wavelengths were 488 with corresponding emission wavelengths at 520 nm.
Electron Microscopy and Estimation of Granule Surface Density-Tissue pieces were embedded in Durcupan (45) . Ultrathin sections (70 nm) were contrasted by uranyl acetate (1 min) and then by lead citrate (1 min). Micrographs were taken at 6,000ϫ magnification using a Tecnai G2 electron microscope. ␤-Cells were identified by containing round-oval vesicles with high density material in the center, sometimes with a bar-shaped high density crystal, surrounded by ringlike spaces. From two animals, 20 and 23 randomly selected cross-sections of ␤-cells, respectively, were analyzed by a computer program (Image Analysis Tool in the electronic notebook database system version 4.5 from Science Linker AS, Oslo, Norway). For each cell profile, the cross-sectional cell area, the number of vesicles seen in that area, and the average vesicle diameter were measured. The surface area density of vesicular membranes for each cell profile was calculated by multiplying the number of vesicles by the average vesicle diameter and by , dividing by the cross-sectional cell area, and then multiplying that number by 4/ (46) . The average number of vesicles/ cell volume was calculated by dividing the average total vesicular surface area per cell volume by the average individual vesicle surface area.
Proteome Analysis-Proteomes of total pancreas homogenate were measured similarly to the proteome analysis of isolated pancreatic islets (for details, see Ref. 47 ). In brief, total pancreas tissue was excised from C57Bl/6J mice. The tissue samples were lysed in ammonium bicarbonate with PPS Silent surfactant (Protein Discovery). After reduction and alkylation, samples were digested overnight by porcine trypsin (Promega). Resulting peptide mixtures were fractionated using peptide isoelectric focusing (Agilent), concentrated on C 18 StageTips, and eluted directly before LC-MS/MS measurements. The 12 fractions were measured by nano-LC coupled via a RePlay system (Advion BioSciences; Ref. 48) to an LTQ-Orbitrap mass spectrometer (Thermo Fisher). The RePlay system doubled measuring time per sample, resulting in 4-h data recordings with datadependently collected MS/MS spectra. Data were analyzed by in-house developed MaxQuant software (97) and searched against a mouse International Protein Index database (v3.37) in Mascot (Matrix Science Ltd.) supplemented with frequently observed contaminants and concatenated with reversed copies of all sequences (2 ϫ 51,467 entries) as described in detail before (47) . Proteins were considered identified when at least two peptides were identified of which at least one was uniquely assignable to the respective sequence. The false discovery rates at the peptide level and protein level were set to 1%.
RESULTS
The Consequences of Deletion of EAAT2 in the Brain-The EAAT2-flox ϫ Nestin11-Cre mice were similar to the wild-type mice with respect to general appearance and body weight at birth, but they gained weight slowly (Fig. 2, A and B) and became hyperactive with spontaneous seizures after about 2 weeks. The mortality rate was higher than for wild-type mice after 3 weeks with only 50% survival after 8 weeks (Fig. 2C ). The survival was somewhat better than that reported for the conventional EAAT2 knock-out mice (27) , but the data do not allow firm conclusions to be drawn as to whether this difference was due to differences in genetic background.
Deletion of EAAT2 in ␤-Cells Seemed to Be without Consequences-To investigate the role of EAAT2 in pancreatic ␤-cells, the EAAT2-flox mice were crossed with RIP-Cre mice. In parallel, EAAT2-flox mice were crossed with IPF1-Cre mice. The fKO allele was neither detectable in the EAAT2-flox mice nor in either of the two Cre lines when tested separately but became detectable in the pancreas when the EAAT2-flox mice were crossed with either of the two Cre lines (Fig. 3A) , showing that recombination was occurring when the floxed gene was combined with the Cre gene. Furthermore, immunocytochemistry with antibodies to Cre protein showed that the Cre protein was expressed in nuclei of insulin-positive cells from Cre-positive mice (Fig. 3B ). Together this showed that the EAAT2 gene was likely deleted in the majority of ␤-cells. The percentage of islet nuclei that were Cre-positive in the IPF1-Cre and in the RIP-Cre mice were 68 Ϯ 2.0 and 62 Ϯ 1.5%, respectively, whereas the percentages of insulin-containing cells were 76 Ϯ 2 and 77 Ϯ 0.7% (ϮS.E.), respectively. Thus, the percentages of insulin-positive cells in islets were within the normal range, and Cre was expressed in most of them. In the case of IPF1-Cre, this implies the entire pancreas because IPF1/PDX1 is initially expressed in the early mouse pancreatic anlagen, although adult expression FIGURE 2. Phenotypes of brain-selective (EAAT2-flox ؋ Nestin11-Cre) conditional knock-out mice. A, the body weights of EAAT2-flox mice (WT; 24 males and 12 females) and their littermates (cKO; 14 males and six females) were measured at different ages. Note that the body weights of the cKO mice stopped increasing after 3 weeks of age. B and C, the wild-type (EAAT2-flox) mice were larger than the brain-selective conditional knock-out mice. This was also apparent from the organs. D, the survival of the cKO mice was poor. The data are from 18 pairs of WT (EAAT2-flox) and cKO (EAAT2-flox ϫ Nestin11-Cre) littermates. Published data (27) on the conventional knock-out (KO*) were plotted for comparison. It is not known whether the difference between the cKO and the KO is real or due to variations in the genetic background.
is more restricted (39, 98) . Despite this, the body weights and the general appearance of the conditional knock-out mice were similar to their wild-type littermates (Fig. 3, C and D) . More importantly, there were no differences in glucose tolerance (Fig. 3, E and F) . The glucose tolerance tests were performed on 5-7-week-old mice to be sure that the mice were old enough to have mature ␤-cells considering that ␤-cells mature slowly (28) . Because EAAT2 has been suggested to protect against glutamate-induced ␤-cell death (23), the percentages of islet cells that were positive for insulin were also counted, but no differences were found between EAAT2-flox mice and conditional knock-out mice (Fig. 3, G and H) . . Arrows in f and g point to a few of them. The sections were mounted in a DAPI-containing medium to visualize cell nuclei (blue). Note that insulin was readily detectable in all sections (panels a-d), whereas Cre was only detectable in islet cells in Cre-positive (cKO) mice (panels j and i), attesting to the specificity of the antibodies. Panels e, f, g and h are merged images showing both DAPI and Cre. Panels i and j are merged to give f, and k and l are merged to give h. Also note that EAAT2 was present in the brains of both WT and cKO mice (panels m-p) as indicated. Immunoperoxidase labeling of parasagittal brain sections was carried out with anti-B563 (Ab355; 0.1 g/ml) antibody to the C terminus of EAAT2. Scale bars, 20 m (pancreas) and 2 mm (brain). C and D, body weights of EAAT2-flox mice (WT) and cKO mice as indicated. The mice in C were 6 -7 weeks old, whereas those in D were 5-6 weeks old (M, male; F, female). E and F, glucose tolerance tests of the male WT and cKO from RIP-Cre (E) and IPF1-Cre (F). Note that WT (EAAT2-flox) and cKO have similar glucose tolerance. G and H, the percentages of insulin-positive cells in the islet were the same in EAAT2-flox mice (WT) and their cKO littermates. Error bars, S.E. EAAT2 mRNA Is Present at Low Levels, and It Is Not Concentrated at Pancreas Islets-The lack of effect of deleting EAAT2 in ␤-cells needed an explanation. TaqMan real time PCR was used to measure the levels of mRNAs encoding EAAT2 in brain regions, liver, kidney, and pancreas. As shown (Fig. 4A ), the levels of EAAT2 mRNA in the liver, kidney, and pancreas were about 10, 200, and 4000 times lower, respectively, than in the hippocampus. Considering that brain EAAT2 levels are high (49) and that ␤-cells only represent about 1% of the total pancreatic tissue, it was still possible that ␤-cells could contain physiologically relevant levels of EAAT2 if concentrated in the ␤-cells. Therefore, an attempt to localize the mRNA by in situ hybridization was made. In agreement with previous experiments (41) , brain tissue was strongly labeled (data not shown), but the signal over pancreas was weak with similar intensities over the exocrine and the endocrine portions of pancreas (data not shown). Because the labeling was close to background, firm conclusions could not be made as to whether the observed labeling in the pancreas indeed represented EAAT2 or unspecific labeling. Instead, we collected tiny pieces of tissue at random from different parts of pancreas. The pieces were so small that some of them would be expected to be devoid of islets, whereas others would represent tissue enriched in islets. Then TaqMan real time PCR was performed using primers for EAAT2, glucagon, and VGLUT3. The data from each sample were sorted according to the glucagon values ( Fig. 4B ). If EAAT2 and VGLUT3 were concentrated in the islets, then EAAT2 and VGLUT3 mRNAs would be expected to correlate with glucagon mRNA (and thus be highest in the samples containing the most islet tissue). This, however, did not turn out to be the case, suggesting that EAAT2 was expressed independently of the islets and thereby also expressed in the exocrine pancreas. It should also be noted that the levels of VGLUT3 mRNA in the pancreas were as low as those of glucagon in the hippocampus, suggesting that it is not really expressed.
EAAT2 Protein Was Not Detected in the Pancreas-Brain EAAT2 from adult wild-type mice was detectable by immunoblotting even when diluted 1:1,000 with proteins from the conventional EAAT2 knock-out mice (Fig. 5A ). EAAT2 was also detectable in liver extracts, but it was not detected in the membrane fraction from pancreas (Fig. 5A) . In contrast, water-soluble proteins from pancreas gave a weak reaction with both EAAT2 antibodies ( Fig. 5B ) and normal preimmune IgG (Fig.  5C ). In the absence of good negative controls (tissue from knock-out mice), it would be easy to misinterpret this labeling as EAAT2 labeling. The facts that this labeling was not seen in the membrane fraction and that it was present in extracts from the conventional EAAT2 knock-out mice prove that it was not due to EAAT2. As we have noted before, reaction with seemingly unrelated proteins is a common problem and something that it is hard to control for without access to tissue from knockout animals (50, 51) . Immunohistochemistry on tissue sections was then performed using our array of different EAAT2 antibodies (some of which are listed in Table 2 ). All experiments included sections of brains from both wild-type and conventional knock-out mice as positive and negative controls, respectively. The antibodies were tested at several different concentrations. The data shown here are those obtained when the antibody concentrations were so high that the antibodies started to give rise to background labeling in sections from the knock-out mice. Despite these high antibody concentrations and the fact that a number of different fixation and staining protocols were tried, EAAT2 could not be detected in the islets (Fig. 6 ) or in the kidneys (not shown). Mice of different ages were used (3 weeks (Fig. 6A ) and 3 months old (Fig. 6B) ). Too strong fixation can reduce sensitivity, but the sections shown here (Fig. 6 ) were from tissue that had only been fixed for 1 h. However, the fixation was sufficiently strong to prevent loss of secretory granules because insulin was still present. It was noted that some of the antibodies cross-reacted with non-EAAT2 molecules in the islets (e.g. Ab95 and Ab63) and that the NCL-EAAT2 antibody cross-reacted mostly with epitopes in the exocrine pancreas ( Fig. 6C) . At higher antibody concentrations, a variety of different labeling patterns could be seen with the different antibodies, but this labeling was interpreted as cross-reactivity because no convincing differences between wild-type and knock-out mice could be demonstrated (data not shown, but see Ref. 51 ). Immunofluorescence and confocal microscopy are more sensitive but also resulted in variable labeling in both wild-type and EAAT2 knock-out mice (not shown). to compare the levels of EAAT2 mRNA in brain regions (Hip, hippocampus; Th, thalamus; Cb, cerebellum) with those in liver (Li), kidney (K), and whole pancreas (P). The tissues were collected from three 6 -9week-old mice. Data were normalized to 18 S mRNA levels determined by RT-PCR. Note that the EAAT2 mRNA levels in the liver and in the whole pancreas were 10 and 4000 times lower, respectively, than in the hippocampus. B, multiple small pieces (less than 1 mg) of pancreatic tissue were collected from the body of pancreas. The levels of mRNAs encoding VGLUT3 (open triangles), EAAT2 (open circles), and glucagon (open squares) were determined, and the data (cycle threshold (CT) values) were sorted and plotted according to glucagon levels. Consequently, the graph shows increasing glucagon levels. Hippocampus was used as a control (solid symbols). Note that the EAAT2 levels in the pancreas did not correlate with the glucagon levels (the line is horizontal). Also note that the cycle threshold values for VGLUT3 in the pancreas are similar to those of glucagon in the hippocampus, indicating that VGLUT3 is close to transcription background (higher cycle threshold values means lower mRNA levels as the cycle threshold values represent the number of PCR cycles needed to reach the detection threshold). The tissues were collected from 6 -7-week-old mice. The data are from two independent experiments.
The Number of Secretory Granules in ␤-Cells Is High-How many EAAT2 and VGLUT3 molecules would be expected if these proteins were localized to secretory granules as suggested (26) ? To answer this question, we determined the average granular surface area per ␤-cell volume in two wild-type C57Bl/6 mice (Fig. 7) . The average surface densities were 3 Ϯ 0.2 and 4 Ϯ 0.3 m 2 /m 3 (average Ϯ S.E. for each mouse). The average granule diameter was 0.26 m in both animals. From this, it could be calculated that the average numbers of granules per ␤-cell volume were 14 and 19/m 3 , respectively. This is in good agreement with previous estimates of nine granules per m 3 and a mean granular volume of 0.012 m 3 (52), implying a mean granular membrane density of 2.2 m 2 /m 3 . A new study based on cultured rat islets and using high pressure freezing (53) showed that chemical fixation leads to an overestimation of granule size and number, and it was concluded that there are around seven granules and about 1.5 m 2 granule membranes per m 3 ␤-cell volume. Thus, these studies are in good agreement considering the methodological differences. The large number of granules explains why granule-associated proteins (e.g. zinc transporter 8; Slc30a8) are expressed at such high levels (see below). Interestingly, the density of granule membrane in ␤-cells is about the same as that of astroglial plasma membranes in the hippocampus (young adult rats, stratum radiatum, CA1; Ref. 49) .
Proteome Analysis-Using in-depth proteomic analyses (47) of purified mouse islets of Langerhans and of entire pancreatic tissue, we detected about 7,000 proteins. Some of these are listed in Tables 3 and 4 . The entire proteome list is available in supplemental Table S1 .
The 15 most abundant proteins in islets were histones (H4, H2, and H3), insulin (1 and 2), glucagon, ␤-globin, colipase precursor, two lipases (Cel and Pnlip), nucleosidediphosphate kinase (Nme2), ␣-globin (Hbat1), and two 40 S ribosomal protein (Rps3 and Rps27a). The 15 most abundant proteins in whole pancreas were amylase 2, ␣-globin, ␤-globin, histones (H4 and H2B), proteases (trypsin, carboxypeptidase B1, chymotrypsinogen B, elastase-1, elastase-2A, and carboxypeptidase A1), pancreatic ribonuclease, nucleosidediphosphate kinase, an uncharacterized protein, and chymotrypsin-like protein.
The proteins identified included more than 100 different solute carrier (Slc) proteins in islets (supplemental Tables S1 and S2) and more than 80 in whole pancreas (supplemental Table  S1 ). The transporters identified in islets comprised 29 members of mitochondrial transporter family (Slc25). The 20 most abundantly expressed transporters in islets included 12 of the Slc25 FIGURE 5 . Western blots show that there is very little, if any, EAAT2 protein in pancreas. A, EAAT2 protein is detectable by immunoblotting in brain and liver but not in pancreas (P). Various tissues from a 50-day-old (50d) male WT mouse and from 23-day-old (23d) conventional EAAT2 KO and WT littermates were collected, homogenized in water with protease inhibitors (see "Experimental Procedures"), and centrifuged. The pellets (the water-insoluble fraction containing cell membranes) were extracted with SDS. The WT forebrain extract (50 days old) was diluted 300 or 1,000 times as indicated in the KO forebrain extract. Note that EAAT2 is detectable in the diluted WT brain extracts and in the WT liver extracts (both 23 and 50 days old) but not in the extracts from pancreas (50 days old) or in the KO liver extract. The band representing EAAT2 is the one just above the 66-kDa marker, whereas the strong 45-kDa band seen in the brain samples is due to a cross-reacting compound. The latter is strong relative to EAAT2 because it is present in both the WT and the KO extract and thereby not diluted like EAAT2. The total protein loaded in each lane was 30 g. The blot was developed with EAAT2 anti-B12 antibodies (Ab360; 0.2 g/ml). B, pancreas contains water-soluble proteins that bind the antibodies, and these unidentified proteins have a molecular mass similar to that of EAAT2. Pancreas from a 50-day-old WT mouse was homogenized in water with protease inhibitors (see "Experimental Procedures") and centrifuged to separate the water-soluble (S) proteins from the membrane fraction (M). Note that there is no labeling in the lane containing the pancreas membrane fraction. All of the labeling is due to the water-soluble components. In agreement, there is similar labeling when whole pancreas (50-day-old WT, 23-day-old WT, and 23-day-old KO) were directly solubilized in SDS. The membrane fraction from WT forebrain (50 days old) diluted 1:100 with KO forebrain extract (B) was used as a positive control (the lanes on each side of the blot as indicated). Note that the 66-kDa band representing EAAT2 is stronger relative to the cross-reacting 45-kDa band than in A due to less dilution. The blot was developed with EAAT2 anti-B12 antibodies (Ab360; 0.2 g/ml). C, a blot identical to that in B was developed with normal (preimmune) IgG (0.2 g/ml). Note that the extracts from whole pancreas and from the water-soluble fraction contain proteins that tend to bind IgG in general. In particular, there is weak labeling of a band that can easily be mistaken for EAAT2 when high sensitivity detection systems are used. DF, dye front.
proteins (including three mitochondrial glutamate transporters: Slc25a12, Slc25a13, and Slc25a22), two zinc transporters (ZnT8 and ZnT7), a glucose transporter (GLUT2), an aromatic amino acid transporter (Mct10), two cationic amino acid transporters (Slc7a2 and Slc7a14), and a putative sodium-coupled neutral amino acid transporter (Slc38a10) as well as the 4F2 (CD98; Slc3a2) heavy chain that forms a heterodimer with Slc7type transporters (54) . A total of seven Slc7 members were identified in islets, including two with affinity for leucine (LAT1; Slc7a5 and LAT2; Slc7a8), but the two members that transport glutamate (xCT; Slc7a11 and AGT1; Slc7a13) were not detected. Furthermore, eight members of the nucleoside transporter family (Slc35) and several transporters for sodium, potassium, chloride, and zinc (members of the Slc4, Slc9, Slc12, and Slc39 families) were identified. Despite this, none of the glutamate (excitatory amino acid) transporters (Slc1a1, Slc1a2, Slc1a3, Slc1a6, and Slc1a7) and none of the transporters in the dicarboxylate transporter family (Slc13) were identified in islets or in whole pancreas. This is unlikely to be a methodological problem because transporters for neutral amino acids (Slc1a4 and Slc1a5) belonging to the Slc1 family were detected, and all of these seven proteins have a very similar protein structure and size. The taurine transporter TauT (Slc6a6), a vesicular transporter of neutral amino acids (Slc6a17; Refs. 55 and 56), and the glycine transporter GLYT1 (Slc6a9) were detected in islets, but none of the other members of the Slc6 family (e.g. GAT3; Slc6a11) were detected. GLYT1 was the only Slc6 family member detected in the exocrine pancreas, and the levels of GLYT1 there were 7 times higher than in islets. Furthermore, none of the members of the Slc17 and Slc32 families (comprising the VGLUTs and the vesicular GABA transporter) were detected (either in islet or in whole pancreas). Failure to detect the VGLUTs is also significant considering that other granule-associated proteins (e.g. ZnT8 and several vacuolar proton pumps) and proteins involved in exocytosis (e.g. Rab27a, Rab3a, Vamp2, Syn2, Syn1, and Snap25) were among those detected at high- Table 2) as indicated. The brain sections were developed together with the pancreas sections as positive and negative controls, respectively. Anti-insulin antibodies were used as a positive control for islets. Note that there were no differences between the WT and KO mice. B, similar labeling experiments were also done using the same antibodies and pancreas sections from 3-month (3 mon)-old mice (WT). Tissue from both cKO (IPF1-Cre and RIP-Cre as indicated) and conventional KOs were included as negative controls. Note that EAAT2 was also undetectable in islets at 3 months. Scale bars, 2 mm (brain) and 50 m (pancreas). est levels (Table 3 and supplemental Table S1 ). ZnT8 is selectively expressed in islets as shown here and by others (57) .
Glutamate-associated enzymes were also abundantly expressed in islets (Table 3 and supplemental Table S1 ). The most abundant were two aspartate aminotransferases (Got1 (cytoplasmic) and Got2 (mitochondrial)), glutamate dehydrogenase (Glud), pyrroline-5-carboxylate reductase 2 (Pycr2), and glutamine synthetase (Glul). In contrast to the former four, glutamine synthetase was virtually selective for islets. This finding was confirmed by immunocytochemistry ( Fig. 8) . However, the glutamine synthetase levels varied greatly between cells. Another striking finding was that the highest levels of glutaminase 2 (Gls2) were found in whole pancreas and that the levels in islets were about 200 times lower than those of glutamine synthetase. Glutaminase 1 (Gls1) was not detected. In agreement with others (5), we found (supplemental Table S1 ) high levels of pyruvate carboxylase and dehydrogenase. Furthermore, we detected the mitochondrial, but not the cytosolic, phosphoenolpyruvate carboxykinase. Fructose-1,6-bisphosphatase 1, however, was detected in islets at moderate levels. Also, a number of enzymes for branched-chain amino acid metabolism (e.g. Dbt, Bcat2, Acadsb, Bckdha, Bckdhb, and Bckdk) were detected at high levels (supplemental Table S1 ).
These data are also in good agreement with the microarray data from others ( Fig. 9 ), but some differences were noted (e.g. ASCT1, SNAT3, and Gls1). Another proteome data set (58) from mouse and human islets was also analyzed (not shown).
TABLE 3 Relative protein levels in mouse (C57Bl6/J) pancreas
Insulin and glucagon were among the most abundant proteins in mouse islets as expected considering that the main function of the islets is to secrete these hormones. Proteins involved in exocytosis (e.g. RAB27A) and in the filling of granules with zinc (the vesicular zinc transporter ZnT8) were also found at high levels in islets in agreement with the high number of secretory granules. Note that ASCT2 (Slc1a5) was detected in both islets and whole pancreas and that ASCT1 (Slc1a4) was detected in whole pancreas, whereas the other members of the same protein family (EAAT1-5) were not. Also note that the VGLUT1-3 and GABA (VGAT) transporters were below the detection limit. In contrast, both glutamine transporters (Slc38a2 and -3), mitochondrial glutamate carriers (AGC1, aralar1; AGC2, citrin; and GC1), and enzymes involved in glutamate metabolism (Glud1, Glul, and Gs2) were detected. Peptide numbers in the last columns indicate the maximum number of different peptides identified in one sample and indicate another rough estimate of relative protein quantities (this number does not preclude the presence of multiple peptide forms like charge states, modifications, etc.). The complete proteome list is available in supplemental Table S1 . ND, not detected; iso, isoform.
Protein name

Islets
Whole ND
ND ND ND ND a Indicates significant expression differences when comparing exclusively shared peptides.
This data set contained fewer proteins, but the data are nevertheless in good agreement with our data set. EAAT2 and VGLUT3 proteins were not detected even though a number of other solute carriers were.
DISCUSSION
EAAT2 Is Essential for the Functioning of the Nervous System-It has been assumed, but never directly shown, that the phenotype of the conventional EAAT2 knock-out mice (27, 59) is due to loss of EAAT2 from the brain. Here we show that Nestin11-Cre-directed deletion of EAAT2 is sufficient to reproduce this phenotype. Nestin11-Cre was suitable to distinguish between the roles of EAAT2 in the nervous system and in peripheral organs because nervous tissue is the only tissue where both EAAT2 and Nestin11-Cre are expressed (see "Experimental Procedures"). Peripheral expression of EAAT2 is limited to glandular tissue (including mammary gland, lacrimal gland, and ducts and acini of the salivary glands; Ref. 40 ) and perivenous hepatocytes (40, 60) . Thus, this confirms the prevailing view that the main roles of EAAT2 are in the brain (for reviews, see Refs. 19, 61, and 62) .
Neurotransmitter Transporters Are Hardly Expressed in Islets-It is possible to detect neurotransporter mRNAs, including that of EAAT2, in islets ( Fig. 9 ), but the expression levels are much lower than those in the brain. This conclusion is also in agreement with other data sets (63) . A third data set (29) based on microarray analysis of rat ␤-cells excised using laser capture microdissection is also available. The latter data set suggests low level expression in the neonatal pancreas and reduced expression toward adulthood.
Furthermore, the presence of mRNA does not imply that the proteins have to be produced. The proteome data sets provided here and data sets already published (47, 58) show that both EAAT-type and the VGLUT-type proteins must be expressed at very low levels if present at all. This argues against targeting to secretory granules because there are so many granules that proteins expressed in the majority of them will have to be abundant. This argument explains why granule-associated proteins are expressed at such high levels, e.g. ZnT8, which is indispensable for zinc-insulin crystal formation (64) . The only vesicular transporter detected was Slc6a17 (RxT; NTT4) which transports proline, glycine, leucine, and alanine (55, 56) , but it is not known in which of the islet cell types it is expressed.
Considering that EAAT2 is expressed at low levels in glandular tissue (including mammary gland, lacrimal gland, and ducts and acini of the salivary glands; Ref. 40) , a low level of expression in the exocrine pancreas would not be surprising in agreement with Meabon et al. (10) . This appears to be the case in man where EAAT2 is significantly expressed in the exocrine parts (Fig. 9 ). The level in human islets ( Fig. 9 ) is lower and may in part be due to contamination from the TABLE 4 Amino acid transporters at the plasma membranes in islet cells
The transporters are sorted according to decreasing expression levels. Essential amino acids are indicated in bold. L-dopa, L-3,4-dihydroxyphenylalanine; CIP, cationchloride cotransporter interaction protein; T 3 , triiodothyronine; T 4 , thyroxine.
Rank
Gene Name Substrates The islets were strongly labeled with anti-glutamine synthethase antibodies (Sigma G2781; 1:1,000), whereas the exocrine pancreas was virtually unlabeled in agreement with the proteome data (Table 3 ). Within islets the glutamine synthethase labeling was not restricted to one cell type as glutamine synthethase immunoreactivity was prominent in both insulin-positive and insulin-negative cells (anti-insulin antibody, Sigma I2018; 1:500). Furthermore, the intensity of the glutamine synthethase labeled was highly variable. Scale bar, 20 m. exocrine tissue. The mRNA levels for EAAT1 and EAAT3 are also low but possibly slightly higher than those of EAAT2 in mice and rats ( Fig. 9 ). Too Few Glutamate Transporters to Control the Extracellular Environment-Such low numbers of transporter molecules in islets are unlikely to influence the glutamate concentration in the interstitial fluid surrounding islet cells either by uptake or by release because the blood flow per tissue volume through the islets is high and the capillaries are fenestrated, allowing hormones as well as amino acids and monosaccharides to diffuse freely (65) . The glutamate concentration around islet cells, therefore, is likely to reflect the plasma concentration. Furthermore, EAAT-type transporters would not be optimal for this task because the K m values (19) are so low that they would already be working at V max at normal plasma levels of glutamate (66 -68) , thereby leaving no reserve capacity.
The Disagreements with Respect to Localization Are Likely Due to Artifacts-The data shown here imply that very high sensitivity would be needed for detection of the EAAT-type transporters as well as VGLUTs. Consequently, specificity is a major challenge. Using a panel of different EAAT2 antibodies, we were able to obtain labeling similar to that reported by others (see Table 1 ). Some antibodies gave plasma membrane labeling, whereas others gave intracellular labeling when used in high concentrations. However, we were unable to obtain labeling that was convincingly different in wild-type and knockout mice. A complicating factor is that there was considerable variation in labeling intensity between islets in both knock-out and wild-type mice, implying that sampling errors can easily influence the conclusions. The data presented here also cast doubt over other immunocytochemical studies that have described GAT3, GLYT2, VGAT, and other neurotransmitter transporters in islets. The present study also illustrates the advantage of having access to multiple antibodies, the importance of using knock-out animals as negative controls, the importance of combining several different methods, and the importance of performing quantitative considerations (for a discussion about validation of immunocytochemical labeling, see Refs. 51 and 69). For instance, if postembedding immunogold labeling (for method description, see Ref. 43 ) is specific and results in several gold particles per micrometer of granule membrane length as reported (26) , thereby approaching labeling intensities obtained along astrocyte membranes in the brain (70, 71) , then difficulties in detecting EAAT2 by immunoperoxidase or in situ hybridization in ␤-cells in tissue sections would be unexpected considering the similar densities of membranes per volume of tissue and the extremely high EAAT2 levels in the brain (49) . As FIGURE 9 . Transcriptome data do not support the notion that glutamate transporters are concentrated in islets. The figure shows a screen shot from the Beta Cell Gene Atlas (90) , which contains data on basal expression of genes in different ␤-cell sources (pancreatic ␤-cells, islets, whole pancreas, and ␤-cell lines) from human, mouse, and rat. This database was searched for expression levels of some neurotransmitter transporters previously reported to be enriched in islets and compared with glucose transporters (GLUT1 and GLUT2) and proteins involved in exocytosis (e.g. Rab27) as well as three enzymes involved in glutamate metabolism (GLS, glutaminase; GLUD1, glutamate dehydrogenase; GLUL, glutamine synthetase). Glucagon (gcg) and insulin (INS) are shown for comparison. The latter are expressed at such high levels that they are detected in all samples due to contamination. The darker the cell color, the higher the expression levels. Genes expressed with a probability score of 0.95 or higher are designated with a red border. The column "human pancreatic islet massively parallel signature sequencing" is not shown as it did not contain data on the transcripts that were the focus of this study.
pointed out previously, cross-reactivity with unrelated proteins is a common problem (50, 51, 72, 73) . This may very well be a problem in islets. For instance, glutamic acid decarboxylase is an efficient autoantigen (74) , and such antibodies could easily be present as contaminants in antibody preparations. In fact, glutamic acid decarboxylase has a molecular mass very close to that of EAAT2, complicating interpretation of Western blots. Similarly, when using knock-out mice as negative controls, it was shown that previous reports of VGLUTs in brain astrocytes are probably wrong (75) .
Glutamate Metabolism in Islets-The role of glutamate in ␤-cells has been intensely debated (for reviews, see Refs. 5, 8, and 76) . Because the EAAT-type transporters are present only at very low levels or not at all, we searched for other transporters with affinity for glutamate. However, AGT1 (Slc7a13; Ref. 77 ), NaC3 (Slc13a3; Ref. 78) , and CCC9A (Slc12a8; Ref. 79) were also not detected. The only one detected was ASCT2 (Slc1a5), which transports glutamate with low affinity (K m ϭ 1.5 mM; Ref. 80 ). Based on this, it seems legitimate to suggest that only a small fraction of intracellular glutamate in ␤-cells is likely to come from outside. SNAT2 (Slc38a2; Ref. 81 ) and PAT1 (Slc36a1; Ref. 82) enable islets to take up histidine and proline. These compounds can be converted to glutamate. Both of the enzymes (1-pyrroline-5-carboxylate dehydrogenase and pyrroline-5-carboxylate reductase) required for the conversion of proline to glutamate are present in islets. Glutamate may also be produced from glutamine (9) because islets have SNAT-type transporters that can take up glutamine, but it is a paradox ( Table 3 ) that the glutaminase (Gls2) levels are about 200 times lower than those of glutamine synthetase (Glul). Furthermore, both glutaminase and the transporters SNAT2, -3, and -5 and ASCT1 and -2 were detected at higher levels in whole pancreas than in islets, whereas SNAT4 was enriched in islets relative to whole pancreas. Although amounts of enzyme protein do not automatically translate into enzyme activity, the higher levels of glutamine synthetase than glutaminase argue for a significant synthesis of glutamine in islets. In fact, inhibition of glutamine synthetase with methionine sulfoximine suppressed insulin release, and this inhibition was associated with accumulation of glutamate and aspartate (13) . On the other hand, addition of a glutamate dehydrogenase activator (e.g. leucine) in combination with glutamine increases islet glutamate and insulin secretion (9) . However, glutamate dehydrogenase plays complex roles and is able to both metabolize glutamate to ␣-ketoglutarate and ammonium and produce glutamate (9) . Furthermore, addition of glutamine is reported to protect pancreas during transplantation (83) . Thus, the direction of glutamate metabolism appears to depend on the metabolic states. In this context, it is worth recalling that we found the glutamine synthetase expression to be highly variable between cells and not limited to insulin-positive cells. Finally, most of the glutaminase activity is reported to be in the islet mantle (12) .
Islet Cells Are Able to Take Up Glucose and Neutral Amino Acids-Together, the identified plasma membrane transporters with known function (Table 4 ) would be expected to provide the islet cells with the ability to take up all of the essential amino acids (80, 82, 84 -87) as well as glucose (with Slc2a2) and lactate (with Slc16a1). In addition to the essential amino acids, there is a considerable capacity for transporting neutral amino acids including alanine, serine, and glutamine (see Table 4 ). In fact, alanine has been reported to be consumed at a high rate by islets and appears to be an important ␤-cell fuel (88) . This means that the main uptake capacity concerns compounds that can be converted to pyruvate or when combined with ␣-ketoglutarate can be converted to glutamate in processes catalyzed by transaminases (EC 2.6.1). As some of the enzymes in question are in mitochondria, it makes sense that the mitochondrial carriers are expressed at high levels too in agreement with previous observations (for reviews, see Refs. 5 and 8).
Species and Age Differences-When discussing protein expression in islets, it is important to keep in mind that there are species differences in islet function (89) , islets are maturing relatively late during postnatal development (29) , and there are changes in expression during glucose stimulation and insulin release (25, 47) . However, the microarray data ( Fig. 9 ) do not give indications of major species differences with respect to EAAT2 and VGLUT3 in islets.
Conclusions-1) Deletion of EAAT2 in the nervous system is sufficient to reproduce the phenotype of the conventional EAAT2 knock-out mice, the reduced body weight included. 2) If EAAT-type transporter proteins are expressed in pancreatic plasma membranes, then the levels must be low. Furthermore, they are unlikely to be restricted to ␤-cells. 3) In contrast to the glutamate transporters, glutamate-metabolizing enzymes are expressed at high levels. This suggests that islet glutamate is predominantly produced intracellularly rather than taken up from the outside. 4) The claim that EAAT2 and VGLUT3 are targeted to secretory granules (26) is not supported. 5) Islets can take up glutamine and convert it to glutamate by means of glutaminase (9) . Here we show that they also have high levels of glutamine synthetase, suggesting substantial capacity for ammonia detoxification and glutamine synthesis. 6) We have produced the first conditional EAAT2 knock-out mice. These will be highly useful for studies of EAAT2 in brain and liver.
